Pulmonary artery (PA) hypertension was studied in a chronic hypoxic-pulmonary hypertension model (7-21 days) in the rat. Increase in PA pressure (measured by catheterism), cardiac right ventricle hypertrophy (determined by echocardiography), and PA remodeling (evaluated by histology) were almost entirely prevented after oral dehydroepiandrosterone (DHEA) administration (30 mg͞kg every alternate day). Furthermore, in hypertensive rats, oral administration, or intravascular injection (into the jugular vein) of DHEA rapidly decreased PA hypertension. In PA smooth muscle cells, DHEA reduced the level of intracellular calcium (measured by microspectrofluorimetry). The effect of DHEA appears to involve a large conductance Ca 2؉ -activated potassium channel (BK Ca)-dependent stimulatory mechanism, at both function and expression levels (isometric contraction and Western blot), via a redox-dependent pathway. Voltage-gated potassium (Kv) channels also may be involved because the antagonist 4-amino-pyridine blocked part of the DHEA effect. The possible pathophysiological and therapeutic significance of the results is discussed.
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hypoxia ͉ potassium channels E xposure of animals to chronic hypoxia leads to the development of chronic hypoxic-pulmonary hypertension (CH-PHT). In human beings CH-PHT is frequently associated with severe pulmonary diseases. CH-PHT involve pulmonary arterial vasoconstriction and remodeling (1) . Although the endothelium is involved in the pathogenesis of CH-PHT, the role of vascular smooth muscle cells (SMCs) is increasingly recognized (2) .
Both the contractile status and the proliferative status of SMCs are regulated by the levels of intracellular Ca 2ϩ ([Ca 2ϩ ] i ). The [Ca 2ϩ ] i levels are determined in part by the influx of Ca 2ϩ through the voltage-gated, L-type Ca 2ϩ channels. In pulmonary artery (PA) SMCs, the membrane potential is regulated by large conductance Ca 2ϩ -activated channels (BK Ca ) (3) and voltagegated K ϩ channels (Kv), including shaker family Kv (4, 5) . K channel (BK Ca and Kv) function and expression are downregulated with development and maintenance of CH-PHT (6, 7) . CH reduces K current density in PASMCs, resulting in a state of depolarization (8, 9) , followed by elevation of [Ca 2ϩ ] i , which induces contraction and proliferation (10) .
The mechanism for K channel down-regulation is unclear, but recent work suggests that it is related to the altered redox state induced by CH (8) . Lungs of rats with CH-PHT are in a more reduced redox state than those of normoxic controls, as indicated by increased levels of reduced glutathione (8) . A reduced redox state has potential for both short-term effects through modulation of K ϩ channels function (11) and long-term effects by activating several oxygen-responsive genes including hypoxiainducible factor (HIF) (12) .
We sought to enhance expression and function of BK Ca by using DHEA, a BK Ca opener in hypoxic human pulmonary cells (13) , which can shift the redox balance toward an oxidized state leading to both BK Ca and Kv activation and thus repolarization of the PASMCs membrane potential and its effects on the [Ca 2ϩ ] i. In vivo PA pressure (PAP) as well as right ventricular (RV) wall thickness were measured in closed-chest rats undergoing CH. Remodeling was determined in small and medium pulmonary arteries. In addition, the effect of DHEA on [Ca 2ϩ ] i and the possible involvement of the potassium channels were measured by microspectrofluorimetry, isometric contraction measurement, and Western blot analysis.
Methods
Chronic Hypoxia and DHEA Treatments. Adult male Wistar rats (220-240 g) were randomized into five groups. Two groups were housed at normal atmospheric pressure (101 kPa); one group comprised rats treated with DHEA (30 mg⅐kg Ϫ1 orally every alternate day), which induces a circulating DHEA sulfate level of Ϸ0.2 M after 3 wk (normoxic DHEA group) and another group did not receive DHEA (normoxic group). Other groups were kept in a hypobaric chamber (0.5 atm; 1 atm ϭ 101.3 kPa) for 7-21 days: one group received DHEA (CH-DHEA group), another did not receive DHEA (CH group) and, in a third group, DHEA was given to the CH rats from day 15 to day 21 to look for CH-PHT regression. Intravascular administration was performed via the catheter inserted in the right jugular vein.
Hemodynamic and Echocardiography Measurements. Rats were anaesthetized with ketamine 50 mg͞kg and xylazine 10 mg͞kg by i.p. injection. Mean PAP was measured with 2.5-F catheters inserted into the right jugular vein in closed-chest rats (14) . The effect of DHEA on the systemic blood pressure was controlled by another catheter placed into the left carotid artery. Throughout all the experiments, heart rate and oxygen saturation were monitored. Acute hypoxic stress with fraction of inspired O 2 of 10% were applied by administration of an air plus nitrogen gas mixture. The fraction of inspired O 2 was monitored with an oxygen analyzer (Servomex, Crowborough, Great Britain), and the effects on the PAP were measured over 10-15 min.
Echocardiography measurements were made in anaesthetized rats. After thorax epilation, the animals were placed in the left lateral decubitus position. Resting echocardiography measurements were performed at ambient conditions by using a SONOS 5500 (Philips) echocardiograph and a 12-MHz sector scare transducer. Right and left ventricle wall thickness was measured on M-mode tracings following the recommendations of the American Society of Echocardiology as described by Jones et al. (15) . Right cardiac output was evaluated by measuring the electrical R-R delay, the PA diameter, and the velocity time integral (VTI) of PA flux. Of note, all the echocardiography measurements were measured by investigators blinded to the treatment groups.
Tissue and Cell Preparations. Heart and lungs were removed en bloc. Intrapulmonary arteries (IPAs) (150-300 m of internal diameter) were then dissected under binocular control, and the adventicial and intimal layers were removed. For contraction experiments, rings (3 mm in length) were prepared. PASMCs were isolated by using an enzymatic protocol described (14) .
Histology. A section of lung was formalin-fixed for histology studies. PA external diameter (PAED), PA internal diameter (PAID), and percentage vessel wall thickness (PAED Ϫ PAID)͞ PAED ϫ 100) were measured in small-and medium-sized PAs (80-150 m). Each group was comprised of four rats, and 10 measures were made per rat by an investigator blinded to the treatment groups. Isometric Contraction Measurement. Isometric contractions were measured in rings from IPAs that were mounted in vertical 5-ml organ baths of a computerized isolated organ bath system (IOX, EMKA Technologies, Paris) as described (17) . Baths were filled with Krebs-Henseleit solution (composition in mM: 118.4 NaCl͞4.7 KCl͞2.5 CaCl 2 ͞1.2 MgSO 4 ͞1.2 KH 2 PO 4 ͞25 NaHCO 3 ͞ 11.1 D-glucose, pH 7.4) maintained at 37°C and bubbled with a 95% O 2 ͞5% CO 2 gas mixture. Tissues were set at optimal length by equilibration against a passive load of 10 and 20 mN for rings obtained from normoxic and hypoxic rats, respectively (15) . A cumulative concentration-response curve was then constructed. A concentration increment was made once the maximal contractile effect of the preceding concentration had been recorded. Note that the endothelium was gently removed mechanically in all cases.
Western Blot Analysis. Arterial pulmonary extracts was prepared from a pool of eight rats per sample and condition. For each condition, three different samples were taken. All samples were ground in liquid N 2 , homogenized in RIPA buffer [1% Nonidet P-40͞0.5% deoxycholate sodium͞0.1% SDS͞10 g/ml aprotinin͞100 g/ml leupeptin͞1 mM 4-(2-aminoethyl)benzenesulfonylfluoride in PBS] with a polytron (Bioblock Scientific), and then centrifuged. The extract was verified by Coomassie blue staining. Each sample was loaded at 10 g in 7.5% resolving acrylamide gel and electrotransferred on to a nylon membrane. Immunoblot analyses used rabbit mAb against rat BK Ca (Alomone Labs, Jerusalem, no. APC-021 at 1͞500) and mouse monoclonal anti ␤-actin (Santa Cruz Biotechnology, clone C-2 at 1͞500). The secondary Ab coupled with peroxidase was used at 1͞5,000 dilution (Santa Cruz Biotechnology) and revealed with an enhanced chemiluminescence kit (Amersham Pharmacia). For quantification we used the SCION IMAGE program from the National Institutes of Health. All experiments were repeated two or three times.
Chemicals and Drugs. Collagenase (type CLS1) was from Worthington. Pronase (type E), elastase (type 3), BSA, iberiotoxin (IbTx) (BK Ca inhibitor), DHEA (prasterone), 1H-[1,2,4]oxadiazolol [4,3,-a]quinoxalin-1-one (ODQ) (GMPc pathway inhibitor), Genistein (tyrosine kinase inhibitor), ''476485'' a PKA inhibitor, 4-amino-pyridine (4-AP), DTT (a reducing agent), and agitoxin-2 (K shaker family blocker) were from Sigma. Indo-1 was from Calbiochem. DHEA, Indo-1, and (476485) were dissolved in DMSO or in ethanol. The maximal concentration of DMSO and ethanol used in our experiments was Ͻ0.1% and had no effect on the mechanical activity of rings and the resting value of the [Ca 2ϩ ] i .
Analysis of Data.
Values were expressed as mean Ϯ SEM. Contractions were expressed as a percentage of K ϩ -rich (80 mM) solution-induced contractions. Statistical analyses were performed by using NCSS 5.0 software (NCSS, Kaysville, UT). Intergroup differences were assessed by a repeated-measures ANOVA or factorial ANOVA, as appropriate. Post hoc analysis used a Fisher multiple comparison test. For some comparisons, the Pearson product moment correlation coefficient between pairs of variables was used as indicated (ORIGIN 5.0, OriginLab, Northampton, MA). Regarding the number of experiments, (n) refers to the number of rings or cells and (N) to the number of animals. Differences were considered significant when P Ͻ 0.05.
Results

DHEA Prevents CH-PHT.
DHEA administration to normoxic rats had no effect on both PAP and RV wall thickness ( Fig. 1 A and B) .
Hypoxic exposure induced PAHT, as indicated by a significant increase in PAP from 12.5 Ϯ 0.7 mmHg (N ϭ 13) to 18.9 Ϯ 1.7 (N ϭ 4), 25.3 Ϯ 1.14 (N ϭ 5), and 34.5 Ϯ 1.7 mm Hg (N ϭ 13) in control, 1-, 2-, and 3-wk CH rats, respectively (P Ͻ 0.05) (Fig.  1 A) . PAHT was also accompanied by an increase in the RV wall thickness from 0.107 Ϯ 0.005 cm (N ϭ 10) to 1.91 Ϯ 0.16 mm (N ϭ 5), 2.24 Ϯ 0.2 mm (N ϭ 7), and 2.74 Ϯ 0.5 mm (N ϭ 8) in control, 1-, 2-, and 3-wk CH rats, respectively (P Ͻ 0.05) (Fig.  1B) . The variation in the RV wall thickness was significantly correlated to the increase in PAP (Pearson correlation coefficient ϭ 0.84 P Ͻ 0.02) when determined after 7, 15, and 21 days of CH.
After 1 or 2 wk of hypoxia exposure with DHEA, no difference was observed in both PAP and RV wall thickness between CH-DHEA and control rats. After 3 wk of hypoxia exposure, the two parameters were significantly decreased in the CH-DHEA group compared with CH groups 21.7 Ϯ 1.1 mm Hg (N ϭ 9) vs. 34.5 Ϯ 1.7 mm Hg (N ϭ 13), and 1.6 Ϯ 0.03 mm (N ϭ 10) vs. 2.74 Ϯ 0.5 mm (N ϭ 8) (P Ͻ 0.05) (Fig. 1B) .
No significant changes in systemic blood pressure, heart rate, and cardiac output were observed in the control, DHEA treated, and untreated groups (Fig. 1C) .
DHEA Partially Reverses Chronic PHT. Ten minutes after an acute intravascular treatment by DHEA (3 mg͞kg) delivered within the PA through the catheter in 3-wk CH rats (Fig. 2) , PAP significantly decreased from 34.5 Ϯ 1.7 to 24.4 Ϯ 2.5 mmHg (N ϭ 6) (P Ͻ 0.05) (Fig. 2B) . In 3-wk CH-DHEA rats, intravascular administration of DHEA did not further reduce PAP (Fig. 2C) .
Remarkably intravascular administration of DHEA with successively doses from 30 g to 3 mg͞kg (N ϭ 4) showed a decrease of the PAP in a dose-dependent manner (Fig. 3) .
Administration (during the last week) of oral DHEA in CH rats kept 3 wk in a CH environment, partially but significantly reversed both PAP and RV wall thickness: from 35.9 Ϯ 1.9 mmHg (N ϭ 9) to 21 Ϯ 1.1 mm Hg (N ϭ 3), and 2.97 Ϯ 0.4 mm (N ϭ 6) to 1.91 Ϯ 0.2 (N ϭ 4), P Ͻ 0.05, in treated (CH-DHEA 1 wk) and in untreated (CH) rats, respectively. As for the preventive treatments, DHEA treatments for 1 wk did not affect systemic pressure, cardiac output, and heart rate (data not shown).
DHEA Treatment Restores the Pressure Response of the PA to Acute
Hypoxia. Normoxic rats responded to acute hypoxic challenge by an increase in PAP of 10.1 Ϯ 0.4 mmHg (N ϭ 5) after 10-15 min.
After 3 wk of hypoxia, the pressure response to acute hypoxic challenge disappeared, as described in ref. 8 . In contrast, under DHEA treatment, the response was restored (data not shown).
DHEA Treatment Prevents and Reduces CH-Induced IPA Remodeling.
Three weeks of CH exposure induced a remodeling of the IPA (Ͻ150 m) wall, which was characterized by an increase of 33% (n ϭ 40; N ϭ 4 each) in the media layer thickness compared with control rats (Fig. 4) . In CH-DHEA rats, the media layer thickness was increased only 11% (n ϭ 40; N ϭ 4) compared with the control rats. The administration of DHEA during the last week, in rats kept 3 wk in a CH environment, partially but significantly reversed media wall thickness remodeling.
Effect of Chronic Treatment of Rats with DHEA on [Ca 2؉ ]i of PASMCs.
CH induced a significant increase of the resting [Ca 2ϩ ] i value of PASMCs from 69.2 Ϯ 2.2 nM (n ϭ 41; N ϭ 4) to 143 Ϯ 7 nM (n ϭ 51; N ϭ 4) in control and 3-wk CH rats, respectively (P Ͻ 0.05) (Fig. 5) . This increase was significantly inhibited in PASMCs from CH-DHEA rats, in which the resting [Ca 2 . Effects of intravascular DHEA on mean PAP. Intravascular DHEA had no effect in both control and CH-DHEA-treated animals (A and C), whereas it induced a significant decrease in PAP in CH animals (B). value was 90.1 Ϯ 3.2 nM (n ϭ 30; N ϭ 4) (P Ͻ 0.05). When DHEA was administered from day 15 to day 21 of CH in another group of rats, the resting [Ca 2ϩ ] i value was decreased significantly compared with the untreated rats: 105 Ϯ 3 nM (n ϭ 30; N ϭ 4) vs. 143 Ϯ 7 nM (n ϭ 51; N ϭ 4) (P Ͻ 0.05).
DHEA Activates BKCa and Kv Channels by a Redox-Sensitive Pathway.
In vitro exposure for 15 min of PASMCs from CH rats to DHEA (100 M) significantly decreased the resting [Ca 2ϩ ] i value from 143 Ϯ 7 nM (n ϭ 51; N ϭ 4) to 82 Ϯ 3 nM, (n ϭ 20; N ϭ 4) (P Ͻ 0.05), (Fig. 6A) . In contrast, DHEA (100 M) did not alter [Ca 2ϩ ] i in PASMCs from normoxic, normoxic-DHEA, and CH-DHEA rats (n ϭ 30; N ϭ 4 per group).
Treatment of PASMCs from CH rats with both DHEA (100 M) and IbTx (100 nM) for 10 min partially inhibited the change induced by DHEA alone on the resting [Ca 2ϩ ] i value by 62% (n ϭ 30; N ϭ 4) (Fig. 6A) . The addition of agitoxin-2 had no effect (n ϭ 15; N ϭ 4). (Fig. 6B) . In contrast, DTT, a reducing agent totally inhibited the effect of DHEA (n ϭ 30; N ϭ 4) and induced a slight elevation of the resting [Ca 2ϩ ] i of 23 nM (Fig. 6B) .
DHEA Increases BKCa Channel Activity and Expression in PA of CH Rats.
CH had no significant effects on the IbTx induced contraction of IPA rings from CH rats (n ϭ 11; N ϭ 4) compared with control rats (n ϭ 11; N ϭ 4) (P Ͼ 0.05). DHEA increased the sensitivity for IbTx in IPA rings (Fig. 7A ). The tension induced by 100 and 300 nM IbTx was increased by 52% and 55% in rings from CH-DHEA rats compared with control and CH rats. The expression level of BK Ca was studied in Western blot. Fig.  7B indicates a clear effect of CH, decreasing the expression of the BK Ca ␣-subunit. This decrease was prevented by DHEA orally administrated for 3 wk; in three separate comparisons, the immunoreactive signal associated with the BK Ca ␣-subunit was 48.6 Ϯ 5.6% higher in CH-DHEA than CH.
Discussion
The present work conducted in a CH-PHT model indicates that DHEA prevents and reverses CH-PHT in rats and restores their normal response to an additional acute hypoxia. Increases in the PAP and RV hypertrophy are almost entirely prevented by DHEA treatment (30 mg͞kg every 2 days). Furthermore, a single intravascular dose of DHEA or a 1-wk orally administered DHEA regimen in hypertensive rats significantly decreases PAP. We suggest that the effects of DHEA treatment on the function and expression of BK Ca are the main factor explaining the ability of the compound to prevent and reverse CH-PHT and that the DHEA effects involve a redox-dependent pathway.
Human PHT is defined by a resting PAP Ͼ20 mmHg (18) . PHT secondary to disorders of the respiratory system is the most frequent cause of PHT. Chronic hypoxia is the principal pathophysiological mechanism of this PHT. Two main drugs are actually used in treatment of PHT, inhaled nitric oxide and i.v. or s.c. enoprostenol (prostacyclin) that has been validated in primary PHT (19) .
We developed hypoxia in rats by using a hypobaric chamber at 0.5 atm that corresponds to a stable hypoxia with an inspired fraction of oxygen of 10%. This model induces PHT similar to human PHT secondary to disorders of respiratory system, such as chronic obstructive pulmonary disease, interstitial lung disease, or neonatal chronic obstructive lung disease secondary of prematurity.
Very little DHEA is synthesized in rat adrenals and gonads, and the free plus conjugated DHEA concentration in the plasma is of the order of 1 nM. The active doses of DHEA used in our experiments, for chronic oral as well as acute intravascular administrations, induce circulating concentration of the order of Ն10
Ϫ7
M of DHEA, as also are DHEA concentrations used in in vitro studies, and therefore our results are of a pharmacological nature. In rats, as well as in all animals, DHEA is metabolized to form a number of compounds including testosterone, estradiol, and ⌬5-androstene-3␤,17␤-diol, to mention only those currently known as the most biologically important. The i.v. administration of testosterone, estradiol, and pregnenolone, following the same intravascular protocol in CH-DHEA rats for each compound (3 mg͞kg) as for DHEA, did not reveal any effect of these steroids. In contrast, ⌬5-androsten-3␤,17␤-diol,3␤hydroxy-5␣-androstan-17-one, and 3␤methyl-5␣-androstan-17-one did reverse PA hypertension. Whether the steroids directly interact with K Ca and͞or Kv has not yet been demonstrated at the molecular level. In human beings, the circulating concentration of DHEA is of the order of 10 Ϫ6 to 10 Ϫ5 M, and the very majoritarian physiological sulfate form may have the potential to create efficacious levels of DHEA with reference to our rat experiments and effects recorded on chronically hypoxic human pulmonary smooth-muscle levels (13). Whether or not administration to human beings, orally or intravenously, may therapeutically improve dysfunction of PAMSC remains to be tested after in vitro studies confirming the DHEA sensitivity of human PAMSC [large DHEA amounts may be safely administered (20) ].
Exposure of rats to hypoxia for 3 wk induced a significant 3-fold increase in the mean pulmonary blood pressure accompanied by RV hypertrophy and pulmonary vasculature remodeling. Our data clearly show that DHEA prevents or reverses CH-PHT development, RV hypertrophy, and PA remodeling and restores the PA contraction response to acute hypoxia. Furthermore, DHEA does not affect systemic pressure, cardiac outflow, left ventricle contraction, and heart rate, suggesting a specific activity of DHEA on pulmonary circulation.
At the cellular level, data clearly indicate that PAHT is associated with an increase in [Ca 2ϩ ] i secondary to membrane depolarization of the PA myocytes (21) . This leads to a deep change in the PA properties, and PA from CH rats do not respond to further acute hypoxic stress. DHEA has been characterized by Peng et al. (13) as a BK Ca channel opener at 100 M. IPA rings from CH-DHEA animal develop higher reactivity to IbTx, which blocks K Ca as compared with CH rats, suggesting an involvement of the BK Ca in the control of IPA basal tone from CH-DHEA rats. Furthermore, in smooth muscle cells from CH-PHT rats, acute exposure to DHEA induced a decrease of the resting [Ca 2ϩ ] i that is blocked by IbTx. Western blot analysis indicates an up-regulation of the ␣-subunit BK Ca in CH-DHEA as compared with CH rats. Involvement of Kv is also possible because 4-AP partly suppresses the effect of DHEA on [Ca 2ϩ ] i. However, the fact that agitoxine-2, a blocker of a subset of the Kv shaker family (Kv1.1, Kv1.3, and Kv1.6), has no effect suggests that these channels are not involved.
Under hypoxic conditions, the redox balance of the PA cells is in a reduced state, as described (8, 22) . This reduced state is responsible in part for the K channel inhibition leading to CH-PHT. It has been suggested that DHEA may induce a decrease in the NADH:NAD ratio leading to oxidation of the cells (23) . In view of this data, we hypothesize that a possible cellular mechanism, by which DHEA activates BK Ca , may be correlated to a cellular oxidation leading to K channel activation. The fact that the reducing agent DTT (24, 25) inhibits the effect of DHEA on [Ca 2ϩ ] i suggests that DHEA activated both BK Ca and Kv by changing the redox balance toward a more oxidative state (23, 26) . Nevertheless this hypothesis requires the precise determination of the redox balance in IPA extracts, which is very difficult because of the low quantity of tissue obtainable from IPA. Change in redox statute could also explain the increase in the BK Ca expression as the oxidation of the cells is known to block the effect of hypoxia on HIF-1 (27) .
DHEA is a very attractive drug for study in human PHT particularly because it has already been used in short-and long-term human studies without major toxicity (28) . Furthermore, this DHEA activity on the vascular system seems to be specific for the pulmonary circulation. Thus DHEA may be beneficial in the treatment of pulmonary vascular diseases. Our results are in accordance with preliminary data of Hampl et al. (29) , which became available to us after completion of this manuscript and suggest that chronic DHEA sulfate administration prevents chronic hypoxic PHT (CH-PHT).
